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The ciliary epithelium of the ciliary body is derived from the anterior rim of the developing optic cup. Several recent
studies have found that developmental abnormalities in this tissue can underlie congenital glaucoma. However, there
is little known about the development of the ciliary epithelium. To better understand the developmental events
responsible for the speciﬁcation of this domain of the optic cup, we used a subtractive library, differential screening
approach along with the construction of cDNA arrays to identify genes expressed in the ciliary epithelium of the
chicken. We identiﬁed many genes speciﬁcally expressed in the ciliary epithelium, including a number that had been
described previously as enriched in the ciliary epithelium of other species. By analyzing the expression of these genes
during eye development, we were able to correlate the onset of ciliary epithelial gene expression with a reduction in
mitotic activity in this region. We propose that the mechanisms that regulate the expression of ciliary epithelial genes
are linked to the reduction in proliferation that results in the epithelial monolayer in this region. Developmental
Dynamics 229:529–540, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION
The ciliary body of the eye is a com-
plex structure composed of two ba-
sic parts: (1) the stromal layer con-
taining vasculature and smooth
muscle cells, and (2) the ciliary epi-
thelium. The ciliary epithelium has
several important functions, includ-
ing secretion of aqueous humor and
synthesis and attachment of the sus-
pensory zonule ﬁbers for supporting
the lens. The proper secretory activ-
ity of the epithelium of the ciliary
body is critical for maintenance of
intraocular pressure; elevated in-
traocular pressure is a known risk
factor for glaucoma, and recent
evidence has also implicated de-
velopmental malformations of an-
terior eye structures, including the
ciliary body, in the development of
this disease (Smith et al., 2000;
Pressman et al., 2000).
The ciliary epithelium originates
from the anterior rim of the optic cup
during embryogenesis. The ciliary
epithelium is composed of two epi-
thelial layers: a nonpigmented layer
and a pigmented layer. The former is
continuous with the neural retina,
while the latter is continuous with the
pigmented epithelium. Although
continuous with the neural retina,
the nonpigmented epithelium of the
ciliary body is only a single layered
epithelium, while the retina can be
up to 20 layers of neurons and pho-
toreceptors. In addition, while the
ciliary body is derived from the neu-
ral tube, neurons do not normally
arise in this epithelium, although cer-
tain experimental perturbations can
induce neurogenesis (Zhao et al.,
2002; Fischer and Reh, 2003). Classic
studies have shown that factors from
the lens are important in the induc-
tion of the ciliary body (see Beebe,
1986, for review), and recent studies
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genetic protein family of molecules
in the process of ciliary body devel-
opment (Zhao et al., 2002; Chang et
al., 2001).
To better understand the molecu-
lar mechanisms that direct develop-
ment of the ciliary epithelium, we
have taken a subtractive library ap-
proach (Diatchenko et al., 1996).
This approach is useful in identifying
genes speciﬁc to a particular tissue,
such as the ciliary epithelium. We
subtracted mRNA isolated from cen-
tral retina from that of isolated ciliary
epithelium. By using this approach,
we have identiﬁed several genes
speciﬁcally expressed in the ciliary
epithelium and not in the neural ret-
ina. We have examined their pat-
tern of expression during develop-
ment, and found that there is a
coordinated pattern of gene ex-
pression that deﬁnes this region of
the optic cup at approximately
stage 22 of the chick embryo. Coin-
cidentally, we have found that there
is a reduction in the number of mi-
totic ﬁgures in the presumptive ciliary
epithelium at the same stage of de-
velopment. These results suggest
that the onset of genes that specify
the ciliary epithelium as distinct from
the neural retina are followed
quickly by a reduction in cell prolif-
eration to account for the thinning
of this region of the optic cup.
RESULTS
We used a suppressive subtractive
hybridization technique to enrich for
genes preferentially expressed in cil-
iary epithelium of the adult chicken
eye. By combining normalization
and subtractive hybridization in a
single procedure, the representation
of genes expressed at a low level
was increased, while the redun-
dancy of highly expressed genes
was reduced (Diatchenko et al.,
1996). We isolated 1,536 indepen-
dent colonies from our subtractive
hybridization. We checked the insert
size by amplifying each clone with
Uni1-Forward and Uni1-Reverse prim-
ers. The inserts ranged in size from
250 base pairs to 1,580 base pairs,
with an average of 380 base pairs.
We randomly checked 96 clones
and found 89 contained an insert
(93%).
As the initial characterization, we
sequenced approximately 100 ran-
domly chosen clones. Of these
clones, 32% matched exactly with
existing genes, 27% of the clones
were homologues of genes in other
species, and 41% of the clones did
not have signiﬁcant similarity to
known genes (Fig. 1a). Among the
known genes, secreted proteins
were the most common, including
many extracellular matrix compo-
nents. The next most highly repre-
sented clones were genes involved
in cell metabolism, perhaps reﬂect-
ing the highly active state of cells in
the ciliary epithelium (Escribano and
Coca-Prados, 2002). In addition,
there were various cell membrane
proteins, including amino acid trans-
porters, channels, and receptors
(Fig. 1b).
To conﬁrm the differential expres-
sion of the subtracted clones,
probes were made from the ciliary
Fig. 1. Example of cDNA hybridization images showing high speciﬁcity to the ciliary epithelium (c,d). Two arrays obtained after cDNA
hybridization of 2 mg of chicken retina total RNA or 2 mg of chicken ciliary epithelial total RNA to subtracted normalized cDNA clones
arrayed on nylon membranes are shown. Summary of the gene sequences that were obtained from initial screening (a,b). A total of 41%
of genes did not show any signiﬁcant homology in the database, while the remaining 59% were either an exact match or showed
signiﬁcant homology (a). The 59% of the genes that had homology in the database were classiﬁed according to their previous
characterization.
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and hybridized to the array ﬁlter (Fig.
1c,d). Of the 1,536 clones on the ar-
ray, 329 (21% of total clones) gave a
strong positive signal when hybrid-
ized with the ciliary epithelial cDNA.
By contrast, only 67 (4% of total
clones) hybridized with posterior ret-
inal cDNA. Thus, we estimate that
80% of the genes on the array are
enriched in the ciliary epithelium as
compared with the retina. Some of
the highly expressed clones en-
coded message for the proteins al-
pha crystalin, ovotransferrin, or cys-
tatin. Alpha crystalin clones had the
highest frequency in the library, rep-
resenting 6 of the 131 clones initially
sequenced. However, aside from
these few highly represented clones,
we did not see many redundant
clones. These results indicate that
the subtracted cDNA library is nor-
malized and highly complex.
As a further characterization of
the library, we picked 27 of the most
highly expressed clones and ana-
lyzed them in adult retinal tissue with
quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR)
and/or in situ hybridization. We ini-
tially chose genes that either had
meaningful sequence data or were
highly expressed in the array analysis
when probed with ciliary epithelial
cDNA. Of 27 clones tested, 21 genes
were enriched in the ciliary epithe-
lium, as judged by either quantita-
tive RT-PCR or in situ hybridization.
Table 1 shows a summary of the re-
sults from these studies. In tissue from
the posthatch or adult chicken,
quantitative PCR data showed en-
richment of expression in the ciliary
epithelium of from 1 to greater than
10 cycles. Many of the clones
showed differential expression of
more than 5 cycles. These include
many genes coding for extracellular
matrix proteins, such as chondro-
modulin I, collagen IX, throm-
bospondin 4, matrix GLA protein,
and TIMP3. In addition, genes cod-
ing for channel proteins, such as trp2
and connexin 43, are also highly dif-
ferentially expressed. Other genes
showed less of a difference be-
tween the central retina and the cil-
iary epithelium, with a 2- to 16-fold
enrichment. These include nidogen
1, and collagen II, as well as tran-
scription factors like zic2, a bHLH
gene, and an acidic coiled coil pro-
tein.
Additional characterization of the
clones was done by in situ hybridiza-
tion in both developing and mature
ocular tissue. Figure 2 shows the ex-
pression pattern in the ciliary epithe-
lium of the adult chicken of four
clones: ovotransferrin, cystatin, the
chicken homolog to the SLC7a8
TABLE 1. Summary of Gene Enrichment in the Chicken Ciliary Body Using Quantitative RT-PCR and In Situ Hybridization
a
Description: enrichment in the post-hatch chicken
using RT-PCR GenBank St 23 RT-PCR Veriﬁed by In Situ
 10 cycle difference
Thrombospondin-4 L27263  x
Chondromodulin-I AF027380  x
Matrix GLA protein Y13903 
Glutathione-S-transferase class alpha AF133251 
Alpha-1 type-IX collagen M29397  x
5 to 10 cycle difference
Prostaglandin-D synthase AJ006405 
Cystatin J05077  x
Connexin 43 M29003 
Tyrosinase-related protein-2 AF023471 
IMP-3 M94531 
Peroxiredoxin 1 D13433 
1 to 5 cycle difference
Ovotransferrin Y00407  x
Prosaposin AF108656 
Nidogen 1 M239837 
TGF 2 X59080 
Alpha-1 type-II collagen L00063 
Fibrillin-1 AF194817 
zic 2 AF188735 
Basic helix-loop-helix protein U12974 
Acidic coiled-coil containing protein 2 BC004057 
Slc7a8 (AA transporter) NM_016972  x
No difference
Dbp/YB-1 protein D26328
Stag 2 NM_006603
Transient receptor potential-like AY130980
Sarcoma virus transcription enhancer factor U31990
FK506bp5 BC015260
P311 POU (3.1) U30520
aRT-PCR, reverse transcriptase-polymerase chain reaction; St, stage.
CILIARY EPITHELIAL DEVELOPMENT 531amino acid transporter (Solute Car-
rier-family 7, member 8), and throm-
bospondin 4. All of these genes are
highly expressed in the ciliary epithe-
lium, and their expression ends
abruptly at the retinal margin. In ad-
dition, we found many of the other
genes that were enriched in the sub-
tracted library had a similar devel-
opmental expression pattern with in
situ hybridization.
To determine the developmental
time course of expression of the cili-
ary epithelial genes, we used quan-
titative RT-PCR. Anterior optic cup
was dissected from posterior optic
cup at stage 23, and RNA was ex-
tracted as described in the Experi-
mental Procedures section. PCR
analysis for 11 genes is shown in Ta-
ble 1. Of the genes we examined, 6
of 11 already showed a differential
enrichment as early as stage 23 of
development. This ﬁnding indicates
that part of the ciliary epithelial pat-
tern of gene expression is already
established at this early stage of de-
velopment. Of the genes we tested,
most of those that are expressed
earliest code for extracellular matrix
proteins, including chondromodulin,
collagen 9, matrix GLA protein, and
IMP3. Thus, it appears that changes
in the extracellular matrix are
among the ﬁrst differences that dis-
tinguish the developing ciliary epi-
thelium from the neural retinal epi-
thelium.
We next undertook a more thor-
ough study of the developmental
patterns of expression of the genes
in the subtracted library to better un-
derstand the patterning of this re-
gion of the optic cup. Previous re-
ports have described two molecular
differences between the ciliary epi-
thelium and the retina as early as
stage 22: a high level of pax6 expres-
sion and the expression of collagen
Fig. 2. In situ hybridization using probes
chosen from the array showing ciliary epi-
thelial expression in the posthatch chicken.
a–d: In situ hybridizations were performed
with digoxigenin-labeled probes to ovo-
transferrin (a), cystatin (b), slc7a8 (c), and
thrombospondin 4 (d). Arrows indicate the
presence of signal in the ciliary epithelium.
Fig. 3. a–d: Immunohistochemistry of Pax6 (red) and neuroﬁliament (green; a,b) and
Collagen IX (c,d). An up-regulation in pax6 expression is present in the ciliary epithelium as
early as stage 21 (a) and is more pronounced at stage 25. Collagen IX is expressed as
early as stage 20 (c), and this expression is increased throughout development (stage
25, d).
532 KUBOTA ET AL.IX (Kubo et al., 2003). By using com-
bined immunohistochemistry for
pax6 and Neuroﬁlament or collagen
IX (Fig. 3a–d), we conﬁrmed these
earlier observations. The up-regula-
tion in pax6 expression is present as
early as stage 21, while collagen IX is
selectively expressed in the distal
part of the optic cup as early as
stage 20. We next examined the de-
velopmental expression of a subset
of the clones from the subtractive
screen. We found that many of the
clones we identiﬁed from the sub-
tractive screen were already con-
ﬁned to the presumptive ciliary epi-
thelium from the onset of their
expression. Collagen IX mRNA was
expressed in this region as early as
stage 20 (Fig. 4a–d) in a pattern
comparable to the immunohisto-
chemical labeling (Fig. 3c). The
chick homolog to SLC7a8, shown in
Figure 5a–c, was ﬁrst detectable at
stage 20, in the dorsal most periph-
eral part of the optic cup (Fig. 5a).
Curiously, at later stages, this gene
was only expressed in the ventral cil-
iary epithelium (Fig. 5b,c). Chondro-
modulin I, a protein found in the vit-
reous, is also expressed in the ciliary
epithelium as early as stage 21 (Fig.
5d–f). Cystatin, another gene highly
expressed in the mature ciliary epi-
thelium, was ﬁrst expressed in the
ventral optic cup at stage 21 and at
later stages expressed both dorsally
and ventrally (Fig. 6a–c). Ovotrans-
ferrin, another clone highly enriched
in the mature ciliary epithelium, was
also expressed in the presumptive
ciliary epithelium as early as stage 21
(Fig. 10a) and is maintained in this
region throughout development
(Fig. 10d,e).
The early onset of ciliary epithelial-
speciﬁc expression of the genes from
the subtracted library suggested
that the ciliary epithelium diverges
from the retina at an earlier stage
than was previously thought. One of
the features of the ciliary epithelium
that distinguishes it from the retina is
the lower rate of proliferation that
occurs in this region as eye develop-
ment proceeds. We therefore ana-
lyzed the number of mitotic cells
from stages 21 to stage 30 in the
presumptive ciliary epithelium and
compared this with the retina. Fig-
ures 7 and 8 show composites from
three different stages of develop-
ment labeled with phospho-histone
3 antibodies to show the mitotic ﬁg-
ures. At stage 21, we found that
there was approximately the same
number of mitotic ﬁgures in the pre-
sumptive ciliary body as in the rest of
the retina (Fig. 7a,b). However, by
stage 23, there was a clear differ-
ence in the number of mitotic ﬁgures
in the anterior of the optic cup (Fig.
7c,d, arrows). While the occasional
mitotic ﬁgure was present in the pre-
sumptive ciliary epithelium, the num-
ber was greatly reduced as com-
pared with the retina. By stage 25,
this difference was further increased;
there was an almost continuous
Fig. 4. a–d: Collagen IX is being transcribed in the presumptive ciliary epithelium by
stage 20 of development (a,c) and continues to be similarly expressed in stage 22 (b) and
stage 25 (d). In situ hybridization using a digoxigenin-labeled probe to collagen IX are
shown. Arrows indicate the presence of signal in the anterior retina. L, lens; ONH, optic
nerve head.
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534 KUBOTA ET AL.layer of labeled cells at the scleral
surface of the retina, while only a
few mitotic ﬁgures are present in the
ciliary epithelium at this stage (Fig.
8a,b).
We went on to quantify these ob-
servations by measuring the entire
length of the epithelial layer (ret-
ina  ciliary epithelium) at stages 21,
22, 23, 25, 27, and 30. We then de-
termined the number of mitotic ﬁg-
ures per tenth of epithelial length for
each tenth from the dorsal margin
to the ventral margin. We chose this
measure because we found that, al-
though the eye is growing rapidly,
from stages 21 to 25, the region oc-
cupied by collagen IX staining occu-
pies on average 13.5% of the length
of the retinal epithelium. These data
are shown in the three graphs in Fig-
ure 9. At stage 21 and 22, the num-
ber of mitotic cells is fairly even
across the epithelium, with only a mi-
nor bias toward the center at stage
22. An analysis of variance failed to
ﬁnd any signiﬁcant differences be-
tween the groups at this stage. How-
ever, by stage 23, a clear difference
in the number of mitotic ﬁgures in the
most peripheral tenth (both dorsal
and ventral) is apparent (Fig. 9b).
On average at both stages 23 and
25, there are between 2 and 4 M-
phase cells/tenth in the presumptive
ciliary body, approximately the
same number observed throughout
the optic cup at the previous stages
(Fig. 9a); however, between stages
23 and 25, there is a steady increase
in the number of mitotic ﬁgures in the
central 8/10ths of the optic cup, the
presumptive retina. This asymmetry
continues to grow such that, by
stage 30, there are nearly 10 times as
many mitotic cells in the retina as in
the ciliary epithelium. This large in-
crease in the number of mitotically
active cells in the developing retina
accounts for the very large number
of cells generated from this region of
the optic cup. By contrast, the rela-
tively low level of proliferation in the
developing ciliary epithelium ac-
counts for the ultimate epithelial
monolayer present in this region of
the eye.
To correlate the reduction in pro-
liferation in the presumptive ciliary
epithelium with the expression of
genes speciﬁc to this region, we
combined the in situ hybridization
with immunohistochemistry for phos-
pho-histone 3. The results for ovo-
transferrin are shown in Figure 10. Al-
though there is only a slight
difference in the number of mitotic
ﬁgures in the developing ciliary epi-
thelium, compared with the retina at
the onset of ovotransferrin expres-
sion (Fig. 10b,d,e), this difference in-
creasing during the following days
and is apparent by stage 25 (Fig.
10d,e). Thus, the expression of ciliary
epithelial-speciﬁc genes precedes
the difference in mitotic activity be-
tween this region of the eye and the
developing neural retina.
DISCUSSION
A normalized subtracted cDNA li-
brary is an excellent tool to enrich
and identify adult ciliary epithelial-
speciﬁc genes. Approximately 80%
of the clones that showed a signiﬁ-
cant hybridization on the array were
speciﬁcally expressed in the ciliary
epithelium. When we tested clones
for their expression by using in situ
hybridization and quantitative RT-
PCR, we found that nearly all of the
genes were more highly expressed
in, or restricted to, the ciliary epithe-
lium. Thus, this approach was effec-
tive in enriching for ciliary body-spe-
ciﬁc genes. In addition, many of the
genes we identiﬁed in the subtrac-
tive library have been localized to
the ciliary body in previous studies in
other species (see below); therefore,
we are conﬁdent that the subtrac-
tive library represents an accurate
picture of the gene expression pro-
ﬁle of this tissue.
Recently, there have been reports
of ciliary epithelial-speciﬁc gene ex-
pression using related approaches.
Escribano and Coca-Prados (2002)
described over 300 sequences en-
riched in the human ciliary body
from a subtracted expressed se-
quence tag (EST) library, although
most of these have not been inde-
pendently veriﬁed with other tech-
niques such as RT-PCR or in situ hy-
bridization. Of those sequences in
their screen homologous to genes
with known functions (63%), approx-
imately one third are known to be
involved in protein synthesis and me-
tabolism. However, their EST screen
did not identify many genes coding
for extracellular matrix proteins. In
fact, only three genes, peroxire-
doxin, prostaglandin D2 synthase,
and tyrosinase-related protein 1,
were also found in our subtracted
library. Another type of screen, a
large-scale in situ screen to identify
genes that have distinctive expres-
sion pattern in the anterior segment
of the mouse eye, was recently car-
ried out by Thut et al. (2001). Of 1,000
genes tested, they found 62 genes
that are distinctively expressed in the
eye with 7 of 62 genes expressed in
the developing ciliary body. Of this
relatively small sample, none of the
genes speciﬁc to the ciliary epithe-
lium in their report were common to
the clones we identiﬁed. Taken to-
gether, it appears that the three dif-
ferent approaches for identifying cil-
iary epithelial-speciﬁc genes have
each uncovered separate popula-
tions of genes that show expression
Fig. 5. Slc7a8 and chondromodulin expres-
sion during development of the eye. a–c:
Slc7a8 is ﬁrst expressed dorsally in the pre-
sumptive ciliary body by stage 21 of devel-
opment (a) and ventrally by stage 22 (b)
and continues to be expressed ventrally
through stage 23 (c). d–f: Chondromodulin
1 is expressed in the presumptive ciliary
body by stage 22 of development (d) and
continues to be similarly expressed in stage
24 (e) and stage 25 (f). In situ hybridization
using digoxigenin-labeled probes to either
Slc7a8 or chondromodulin 1. Arrows indi-
cate the presence of signal in the presump-
tive ciliary epithelium. L, lens; ONH, optic
nerve head.
Fig. 6. Cystatin expression in the develop-
ing eye. a–c: Cystatin begins to be ex-
pressed ventrally in the presumptive ciliary
epithelium by stage 21 (a) and dorsally by
stage 25 (b) and continues to be expressed
through stage 30 (c). In situ hybridization
using a digoxigenin-labeled probe to cys-
tatin. Arrows indicate the presence of signal
in the presumptive ciliary epithelium. ONH,
optic nerve head; OS, optic stalk.
Fig. 7. Ciliary epithelium shows a reduc-
tion in mitotic cells relative to central retina,
labeled with phospho-histone3 immunohis-
tochemistry. a–d: While no noticeable dif-
ference in proliferation occurs between the
anterior and central retina at stage 21
(a,b), there is a reduction in the number
mitotic ﬁgures in the anterior retina by stage
23 of development (c,d). Arrows in c indi-
cate the beginning of the region of the ret-
ina marked by a decrease in proliferation.
b and d show a higher magniﬁcation of the
region outlined in a and c, respectively.
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scription proﬁle in these cells is quite
extensive. Another possibility is that,
because the three different screens
have used different species, per-
haps human, mouse, and chicken
ciliary epithelium have somewhat
different patterns of gene expres-
sion.
Many of the genes we found to be
expressed in the ciliary epithelium
code for extracellular matrix pro-
teins: collagen II, collagen IX, chon-
dromodulin 1, F-spondin, matrix GLA
protein, nidogen1, and throm-
bospondin 4. Among the matrix pro-
teins, collagens have been the most
thoroughly studied in the ciliary epi-
Fig. 8. a,b: The difference in proliferation between the ciliary epithelium and the retina
becomes even more distinguishable by stage 25. Immunohistochemistry was performed
and cells labeled for phopho-histone 3 are shown in red. b: Arrows indicate the few mitotic
ﬁgures in the ciliary epithelium that are observed at this stage. These can be contrasted
with the large number of mitotic ﬁgures present in the posterior (retinal) epithelium. Fig. 9. A reduction in proliferation in the
ciliary epithelium relative to the retina is no-
ticeable by stage 23. a–c: Counts of phos-
pho-histone 3–positive cells were made in
consecutive tenths of the embryonic
chicken retina at stages 21 and 22 (a), 23
and 25 (b), 27 and 30 (c), moving dorsally
to ventrally. Standard error bars in a and b
were calculated from at least three individ-
uals. Asterisks in a and b denote level of
signiﬁcance for these groups at P  0.001.
Counts for one individual were made at
stages 27 and 30.
Fig. 10. Combined in situ hybridization and immunohistochemistry for ovotransferrin
correlating the onset of ciliary–epithelial gene expression with inhibition of proliferation.
a–c: Ovotransferrin is expressed by stage 22 just before the reduction in proliferation. d,e:
By stage 25, ovotransferrin expression is correlated with a marked decrease in proliferation.
Arrows in d and e indicate the beginning of the ciliary epithelium marked by the expres-
sion of ovotransferrin and a reduction in the number of mitotic ﬁgures.
536 KUBOTA ET AL.thelium. Several previous studies
have localized collagens to this tis-
sue, both in the mature and in the
developing eye. We have found
two collagens in the chicken ciliary
epithelium subtractive library: colla-
gen IX and collagen II. Linsenmayer
et al. (1990) ﬁrst reported the pres-
ence of collagens II and IX in the
embryonic chick ciliary body and
proposed that the ciliary body is the
primary source of vitreal collagens
(Dong et al., 2002). Collagen IX has
been shown to be an early marker
for the developing ciliary epithelium
in both mice (Thut et al., 2001) and
chickens (Dhawan and Beebe,
1994). RT-PCR analysis has shown
that collagen IX is ﬁrst expressed in
the chick eye at stage 15 (Dhawan
and Beebe, 1994). Our results show
that as early as stage 20, collagen IX
is expressed in a speciﬁc domain at
the anterior rim of the optic cup that
corresponds to the presumptive cili-
ary epithelium.
There is an emerging body of evi-
dence showing that the posterior
part of the ciliary body is the primary
source of the vitreous and the basal
lamina covering the inner limiting
membrane of the retina (Dong et
al., 2002). The vitreous gel has much
in common with other cartilaginous
matrices; the main structural com-
ponents of both the vitreous and
cartilage are type II and IX collagen,
and both are rich in hyaluronic acid.
Our data are consistent with this hy-
pothesis, because the cells of the
ciliary body appear to be the pri-
mary source of these collagens in
the eye.
In addition to the collagens, we
found that several other matrix pro-
teins were also enriched in the ciliary
epithelium and expressed early in
development, including nidogen 1,
thrombospondin 4, chondromodulin
I, and matrix GLA protein. Nidogen 1
has been shown to be expressed in
the developing chick ciliary body as
early as stage 24 (Dong et al., 2002).
We have shown that Throm-
bospondin 4 is expressed in the em-
bryonic chick ciliary epithelium as
early as embryonic day 6.5 of incu-
bation. Our study also shows that
chondromodulin I, a 25-kDa glyco-
protein originally puriﬁed from bo-
vine cartilage, is expressed in the cil-
iary epithelium by stage 22. Matrix
GLA protein was also present in our
subtractive library, and we have
shown it to be expressed differen-
tially in the anterior part of the optic
cup by stage 23. Matrix GLA protein
is a well-known component of carti-
lage (Luo et al., 1995); that we ﬁnd it
present in the ciliary body further ex-
tends the relationship between the
vitreous and other cartilaginous ma-
trices.
As noted above, the early expres-
sion of the genes coding for these
extracellular matrix proteins may re-
ﬂect that this epithelium is the pri-
mary source of vitreous. In part, oc-
ular growth in known to be
regulated by the intraocular pres-
sure, which likely reﬂects vitreal pro-
duction. However, it is possible that
these proteins serve an additional
function: the inhibition of vascular
endothelial growth. The chick retina
lacks vasculature on the vitreal sur-
face. Chondromodulin has been
shown to inhibit proliferation of vas-
cular endothelial cells in several as-
says (Hiraki et al., 1997). Funaki et al.
(2001) have proposed that the
chondromodulin in the vitreous ex-
erts anti-angiogenic function, similar
to that in cartilage. F-spondin (Terai
et al., 2001; Tzarfati-Majar et al.,
2001) and thrombospondin 4 (Tucker
et al., 1995) both modulate axon
growth and inhibit angiogenesis.
Thus F-spondin, thrombospondin 4,
and chondromodulin all have anti-
angiogenic activities and, therefore,
might provide an effective barrier at
the rim of the optic cup to invasion
of vascular elements into the vitre-
ous.
Several other genes coding for ex-
tracellular matrix proteins were also
represented in the subtracted li-
brary. Fibrillin, the principal compo-
nent of the zonule ﬁbers, was present
in the library and enriched in ciliary
body (Ashworth et al., 2000). TIMP-3,
a matrix metalloprotease, is also en-
riched in the ciliary body in our study
and was also found in the iris and
ciliary body libraries of Wistow et al.
(2002). Previous studies have also
described this gene as important for
the anterior eye structures, including
the ciliary epithelium (Liu et al., 2003)
and immunohistochemical labeling
has shown it to be most highly ex-
pressed in the anterior epithelial
layer of the ciliary body. Timps are
likely to have a critical function in this
region, because mutations in the
gene underlie some forms of con-
genital glaucoma (Schlotzer-Schre-
hardt et al., 2003).
In addition to genes coding for ex-
tracellular matrix and related pro-
teins, the subtractive library con-
tained several genes coding for cell
surface proteins and channels. Of
particular interest, we have found
that connexin 43 is more highly ex-
pressed in the ciliary epithelium than
in the retinal epithelium (see also
Coffey et al., 2002). Previous elec-
tron microscopic studies of the de-
veloping ciliary body of the chick
embryo have reported that large
junctional complexes form between
the pigmented and nonpigmented
layers of the ciliary epithelium at ap-
proximately stage 29. Bard and Ross
(1982) describe this phenomenon in
the following way: “the whole inter-
face is apparently one large gap
junction.” Connexin 43 may in part
underlie these large junctional com-
plexes. Consistent with this possibility,
Coffey et al. (2002) recently found
that connexin 43 immunoreactivity is
localized to the apical surfaces of
rat ciliary epithelial cells. Among the
ion channels and transporters ex-
pressed in the ciliary epithelium, we
found that a speciﬁc amino acid
transporter, Slc7A8, is also expressed
in the developing ciliary epithelium
as early as stage 21 of embryogen-
esis. The function of this transporter is
not known, but it is a member of a
class of permease-related amino
acid transporters that has previously
been localized to the pigment epi-
thelium, lens, and ciliary body in em-
bryonic mice and in kidney, testes,
and brain in adults (Bassi et al.,
1999). Mutations in this gene underlie
a rare genetic disorder, known as
lysinergic protein intolerance (LPI) in
humans. It is not clear why the gene
is speciﬁcally expressed in the devel-
oping eye; no ocular defects have
been reported in people with LPI
(Bassi et al., 1999).
By monitoring the amount of mi-
totic activity in the developing optic
cup through the early stages of eye
development, we found a good
correlation between the onset of cil-
CILIARY EPITHELIAL DEVELOPMENT 537iary epithelial-speciﬁc genes and a
difference in the density of mitotic
ﬁgures in the peripheral tenth of the
nonpigmented layer of the epithe-
lium. The expression of several genes
speciﬁc to the ciliary epithelium pre-
cedes this difference in mitotic ac-
tivity by several hours, before any
overt morphologic differences in this
region. Previous studies of the devel-
oping ciliary epithelium have re-
ported that there is a distinct mor-
phologic change that occurs at
approximately stage 24; the cells of
the nonpigmented layer of the epi-
thelium attach to one another more
loosely on their lateral surfaces than
the cells of the retinal epithelium
(Bard and Ross, 1982). However, the
difference in mitotic activity be-
tween the retinal epithelium and the
presumptive ciliary epithelium, as
well as the onset of ciliary epithelial-
speciﬁc gene expression, precedes
this morphologic change.
The failure of the cells in the devel-
oping ciliary epithelium to up-regu-
late their rate of proliferation with
the rest of the retinal epithelium cor-
relates with the onset of expression
of ciliary epithelial-speciﬁc genes,
suggesting that these genes may in
some way antagonize the signals
that up-regulate retinal progenitor
proliferation. As noted above, there
is a preponderance of genes cod-
ing for extracellular matrix proteins
differentially enriched in the devel-
oping ciliary epithelium. Could these
be important in the inhibition of mi-
togens in this domain? Chondro-
modulin, collagens IX and II, nido-
gen 1, and thrombospondin 4 have
all been implicated in regulation of
proliferation in mesenchymal cell
derivatives, such as endothelial cells,
though their effects on mitotic activ-
ity of optic cup cells has not to our
knowledge been investigated previ-
ously. Alternatively, the expression of
this group of genes may suggest that
a common set of regulatory factors
is controlling the formation of the cil-
iary epithelium. Both BMPs and
wnt2b have been recently shown to
be important in the patterning of the
anterior rim of the optic cup (Kubo
et al., 2003; Zhao et al., 2002). Pax6 is
up-regulated in the ciliary epithelium
of approximately the same stage of
development (Kubo et al., 2003; this
study). It is possible that these factors
control expression of ciliary epithelial
gene expression and coordinately
regulate the mitotic activity of this
domain. Future studies on the devel-
opment of the ciliary epithelium
should be able to better answer
these questions with the wealth of
gene expression markers for this re-
gion of the eye now available.
EXPERIMENTAL PROCEDURES
Construction of cDNA Library
The retina and nonpigmented ciliary
epithelium were dissected from the
postnatal day 1 chicken eye and
separately homogenized in TRIzol
(Invitrogen, CA). The quality of the
RNA was conﬁrmed by ultraviolet
(UV) spectrophotometry and gel
electrophoresis. One microgram of
total RNA isolated from either the
posterior retina or the ciliary epithe-
lium was used for generating the
ﬁrst-strand cDNA library using the
SMART PCR cDNA synthesis kit (Clon-
tech, CA), according to the manu-
facturer’s protocol. The cDNA was
then ampliﬁed with the Advantage2
PCR kit (Clontech) and suppressive
subtractive hybridization was per-
formed by using PCR-Select cDNA
subtraction kit (Clonetech), accord-
ing to the manufacturer’s protocol.
Subtracted double-stranded cDNA
was cloned into the pUni/V5-His-
TOPO cloning vector (Invitrogen).
After transformation, 1,536 clones
were transferred to 384-well plates in
Luria Broth Base (Gibco BRL, NY) with
8% glycerol.
For the analysis of the ciliary epi-
thelial enriched clones, we trans-
ferred the arrayed clones to ﬁlters
and probed with either central reti-
nal cDNA or ciliary epithelial cDNA,
as follows. Clones were transferred
to a 384-well plate containing Terriﬁc
Broth (Gibco BRL)  kanamycin (50
mg/ml) and incubated overnight at
37°C. These clones were transferred
with a 384-pin replicator to a nylon
membrane moistened with Terriﬁc
Broth  kanamycin (50 mg/ml),
placed on a Luria Broth Base 
kanamycin (50 mg/ml) agar gel and
incubated overnight at 37°C. The
DNA was denatured with a 0.5 N
NaOH/1.5 M NaCl solution, and
rinsed with 1 M Tris 1.5 M NaCl pH 7.4
buffer. The DNA was UV–cross-linked
to the membrane (1200J) and al-
lowed to dry overnight. Total RNA
(10 g) from either central retina or
ciliary epithelium was mixed with
Oligo dT (1 mg/ml) and incubated
at 70°C for 10 min and brieﬂy chilled
on ice. This mixture was reverse tran-
scribed into cDNA probes using Su-
perscript II (Invitrogen, CA) in the
presence of [33P]dCTP, unlabelled
dNTPs (without dCTP), 5 ﬁrst-strand
buffer, and DTT for 90 min at 37°C.
Labeled cDNAs were puriﬁed by us-
ing a Bio-spin 30 column (Bio-Rad,
Richmond, CA), following the man-
ufacturer’s protocol. The mem-
branes were blocked with 3% skim
milk in 2 standard saline citrate
(SSC)/0.1% sodium dodecyl sulfate
(SDS) and put into a 200-ml hybrid-
ization roller tube along with hybrid-
ization solution, poly-A, and herring
sperm DNA for 2 hr at 65°C in a roller
oven. The radiolabeled probe was
denatured and allowed to hybridize
to the membrane overnight at 65°C.
The membranes were washed two
times with 2 SSC/0.1% SDS and two
times with 0.2 SSC/1% SDS for 20
min at 65°C and subsequently ex-
posed to a Fuji MP imaging plate
(Fujiﬁlm Medical Systems, CT) for four
days. The signals were read with a
Storm 840 PhosphorImager (Amer-
sham Biosciences) and Image-
QuaNT 4.0 software. The scanned
images were aligned and quantiﬁed
by using ImaGene software.
cDNA Ampliﬁcation and
Sequencing
To sequence the clones in the li-
brary, we used PCR. The DNA was
directly ampliﬁed from a dissociated
colony by PCR using pUni1 Forward
(5-CTATCAACAGGTTGAACTG-3)
and pUni1 Reverse (5-CAGTCGAG-
GCTGATAGCGAGCT-3) primers (In-
vitrogen, CA). A PCR puriﬁcation kit
(Qiagen) was used to purify PCR
products. Puriﬁed PCR products
were sequenced either with a Big
Dye sequencing kit and a 377 Se-
quencer (Applied Biosystems, Inc.,
San Francisco, CA) or by the Seattle
Biomedical Research Institute. A
BLAST search was performed against
Genbank and dbEST.
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RNA was extracted from our desired
tissues by using TRIzol (Invitrogen)
and cleaned by using an RNeasy
mini cleanup kit (Qiagen). cDNA
was reverse transcribed by using
Superscript II Reverse Transcriptase
(Invitrogen), and all samples nor-
malized with primers to glyceralde-
hyde-3-phophate dehydrogenase.
Quantitative PCR was performed
by using an Opticon monitor (MJ
Research), and the cycle in which
log phase was attained was re-
corded. Primers were designed by
using Primer 3 (MIT) one of two
ways: either to the 3UTR when a
chicken homology was found or di-
rectly to our sequence when no
signiﬁcant chicken homology was
found. The primers were synthe-
sized by Integrated DNA Technolo-
gies. A SYBR Green-based master
mix (MJ Bioworks) was used for the
PCR reactions.
In Situ Hybridization
Standard techniques for in situ hy-
bridization were performed as de-
scribed elsewhere with little modiﬁ-
cation (Braisant and Wahli, 1998).
For parafﬁn sections, tissue was dis-
sected in Rnase-free phosphate
buffered saline (PBS) and placed in
Carnoy’s ﬁx (60% EtOH, 30% formal-
dehyde, and 10% glacial acetic
acid) overnight at 4°C. Tissue was
washed and dehydrated at room
temperature for 15 min each in 70%,
90%, and 2100% EtOH. Tissue was
prepared for embedding by two 10-
min washes in xylenes followed by
three rinses for 1 hr in parafﬁn at
65°C. Embedded tissue was allowed
to cool overnight, and sections were
made at 7 m. For cryosections, tis-
sue was dissected and placed into a
4% paraformaldehyde solution for 30
min at room temperature and rinsed
with PBS. Tissue was moved to 30%
sucrose in PBS and placed at 4°C
overnight. Tissue was embedded in
OCT, and cryosections were made
at 16 m.
For riboprobe synthesis, bacteria
were grown overnight in 2 ml of LB,
diluted 1:50 in water and boiled for
10 min; probes were generated by
PCR by incorporating either a T7 or a
SP6 primer sequence into the se-
quencing primer (see above). After
35 cycles of PCR, the product was
cleaned by adding 0.25 l of exo-
nucleaseI (USB) and 0.25 l of shrimp
alkaline phosphatase (USB) to 5 lo f
PCR product and incubated at 37°C
for 30 min followed by 15 min at
80°C. The cleaned product was
transcribed in the presence of
digoxigenin (DIG) -labeled UTP
(ENZO Diagnostics) using either T7 or
SP6 RNA polymerase (Gibco). Reac-
tion was allowed to proceed for 2.5
hr (SP6 at 40°C; T7 at 37°C). RNA was
treated with DNase (Stratagene) for
45 min at 37°C and precipitated with
100% EtOH.
In situ hybridization was carried
out on either frozen or parafﬁn sec-
tions of embryonic and posthatch
chick eyes. Hybridization mix con-
taining 1 g/ml DIG-labeled ribo-
probe was added to slides and incu-
bated under a coverslip overnight
at 65°C. Slides were washed 15 min
and 30 min each at 65°C in wash
solution (50% formamide, 1 SSC,
0.1% tween-20), followed by incuba-
tion for 1.5 hr with 2% Boehringer
Blocking Reagent and 20% goat se-
rum in MABT at room temperature.
Tissue was then allowed to incubate
overnight at room temperature with
a 1/2000 dilution of anti–DIG-alkaline
phosphatase conjugate (Enzo Diag-
nostics), washed ﬁve times for 30 min
in MABT, two times for 10 min in
NTMT, and incubated at room tem-
perature in nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP; Sigma). Reaction was
stopped with PBS and post-ﬁxed for
30 min in 4% paraformaldehyde.
Antibody Staining
For the preparation of parafﬁn sec-
tions for immunostaining, tissue was
ﬁrst baked at 60°C for 2 hr. Slides
were dewaxed by washing in xy-
lenes and microwaved in 10 mM so-
dium citrate for 2 min and incu-
bated for 20 min in 0.3% Triton-X in
PBS plus 10% goat serum to block
nonspeciﬁc binding. Primary anti-
bodies were diluted to suggested
concentrations in 0.1% Triton-X in PBS
plus 5% goat serum and applied to
the tissue overnight at room temper-
ature. Rabbit anti-PH3 antibody (Up-
state Biotechnology, Lake Placid,
NY) was diluted to a ﬁnal concentra-
tion of 1:750. Mouse anti-Pax6 anti-
body (Developmental Studies Hy-
bridoma Bank, Iowa City, IA) was
diluted to a ﬁnal concentration of
1:80. Rabbit anti-neuroﬁlament
(Chemicon, Temecula, CA) was di-
luted to a ﬁnal concentration of
1:400. Mouse anti–collagen IX (De-
velopmental Studies Hybridoma
Bank) was diluted to a ﬁnal concen-
tration of 1:100. Alexa ﬂuor anti-rab-
bit 568, anti-rabbit 488, or anti-
mouse 568 (Molecular Probes,
Eugene, OR) was used as a second-
ary antibody at a ﬁnal concentra-
tion of 1:500. Secondary antibodies
were diluted in 0.1% Triton-X in PBS
plus 1% goat serum and applied to
the tissue for 2 hr at room tempera-
ture. Slides were rinsed three times
for 10 min in PBS and once with wa-
ter before mounting.
Counts of phospho-histone3-posi-
tive cells were made by dividing im-
ages of the retina into tenths from
ventral to dorsal retina by using Spot
software (Diagnostic Instruments).
Mean and standard error were de-
termined for each stage by using Ex-
cel software (n  3). The level of sig-
niﬁcance was determined by using
analysis of variance, followed by
pair-wise comparisons, and is given
in the ﬁgure legend.
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